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a  b  s  t  r  a  c  t
The  inﬂuence  of  halides  (I−,  Br−, Cl−) on  the stability  of C60 adlayers  on  Au(1  1  1) was  studied  by  scanning
tunneling  microscopy  (STM)  in  air at room  temperature.  The  C60 layers  on gold  were  immersed  into  alkali
halides solutions  of  several  concentrations  for different  time  intervals.  The  results  show  that  C60 can  be
removed  from  the  gold  surface  by iodide  when  the  halide  concentration  is  high  and  time  of  immersion  is
long.  A  rotated  hexagonal  structure  of  iodide  is  formed  on some  surface  areas  although  with  distortion.eywords:
dsorption
60
alide
old
Bromide  and  chloride  do not  remove  C60 completely  from  the  gold  surface.  Nevertheless,  they  are  able
to penetrate  the  C60 layer.  The  result  is  that  bromide  and  chloride  adsorb  on  top  of  the  gold  and  C60 sits
on  the halide  adlayer.  This  condition  enables  the  growth  of  well  organized  domains  of  C60.  It  is  possible
to identify  the  formation  of  multilayers  of  the  fullerene  on some  areas.  Intramolecular  resolution  for  C60
was  attained  in  the  STM  images  when  the  halides  were  present  on  the surface.canning tunneling microscopy
. Introduction
C60 adlayers on metals have been studied with the STM in the
ast years to analyze their stability and growth properties. The
ullerene adsorbs on Au(1 1 1) forming several structures, one of
hem is the hexagonal 2
√
3 × 2√3 R30◦ as revealed by several STM
xperiments run in air and in ultrahigh vacuum (UHV) [1–4]. C60
resents diffusion on the gold surface at room temperature mak-
ng it difﬁcult to observe its internal resolution in STM images [2].
ntramolecular resolution was observed for C60 on Au(1 1 1) in UHV
3]. C60 molecular domains grown from solutions are sometimes
hort and some authors have used methods to obtain more orga-
ized structures such as an electrochemical replacement method
5,6]. In this methodology, C60 and C70 were grown on iodide and
hen the halide layer was  afterwards stripped off the electrode
eaving only the organized fullerene layer [5,6].
In this work the stability of C60 layers on halide aqueous solu-
ions was tested. The aim was to observe if the halides would be able
o remove C60 from the gold surface. Halides are known to adsorb on
old with the strength order iodide > bromide > chloride [7]. Thus,
hese anions were employed to check the stability of the C60 layers
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in their aqueous solutions. The resulting modiﬁed surfaces were
imaged by scanning tunneling microscopy (STM).
2. Experimental
C60 (99.5%) from Aldrich, KI (PA) from Synth and KBr (spectro-
scopic grade) and KCl 99.9% were used as received. C60 solutions
were made in toluene spectroscopic grade and sonicated for 15 min
to enhance solubility. The concentration of C60 solutions used
to adsorb C60 on gold was  from 0.1 mM  to 1 mM.  Salt solutions
were made in deionized water (18.2 M cm−1) with concentrations
varying from 1 mM to 2 M.  Gold was  grown on mica by evapo-
ration. The gold samples were ﬂame annealed in a butane ﬂame
for 2–3 s until they turned reddish. This procedure was made to
obtain a cleaner surface with ﬂatter terraces. The gold samples
after ﬂame annealing were immediately inserted into the molecu-
lar or ionic solutions. To grow the C60 layers, the gold samples were
left in the fullerene solution 0.1–1 mM  for 30 min. No difference in
molecular coverage on the surface was observed when the less con-
centrated solution of C60 was  employed to grow the self-assembled
layer. Exposition of C60 layers to KI solutions were initially made by
adding a drop of the halide solution on the modiﬁed gold sample.
The solution drop was  later sucked with a pipette. Other samples
were made by immersing the C60/Au samples into the halide solu-
tion. Incubation time varied from 30 min up to several days.The STM used was  a Nanoscope IIIA equipped with an A scanner.
A low current STM head was used to acquire data using tunnel-
ing resistances in the range 1 M to 100 G. Tips were made by
mechanically clipping tungsten wire 0.25 mm  diameter. Images
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Fig. 1. (A) STM image of a homogeneous C60 layer grown on Au(1 1 1). Area: 45 nm × 45 nm.  Bias voltage, V(t): 500 mV.  Tunneling current, I(t): 8 pA. (B) STM image of a C60
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tayer after exposure to a drop of KI 1 mM solution for 40 min. Area: 50 nm × 50 nm
olution. Arrow points to molecules showing internal resolution. Area: 20 nm × 20
n  iodide structure seen on a C60 layer after exposure to a drop of a solution of KI 1
ere collected in constant current (CC) and constant height (CH)
ode and submitted to a ﬂattening tool and lowpass ﬁltering. Other
oftware tools employed will be described under the speciﬁc image.
ositive bias voltage indicates that tunneling was  from tip to sam-
le.
. Results and discussion
.1. C60 exposed to KI 1 mM
A typical STM image of an homogeneous C60 layer grown from a
 mM solution on Au(1 1 1) is shown in Fig. 1A. Clean gold samples
xposed to C60 solutions show small molecular domains where the
olecules are arranged in a hexagonal structure. Some molecular
iffusion is observed during tip scanning. C60 diffusion has been
bserved by other researchers working at room temperature [2].
he center to center molecule is 1.1 ± 0.1 nm. The expected cen-
er to center distance of C60 molecule is 1.04 nm [2]. Deviations
f the expected size to larger values were assigned to thermal
rift. Images obtained with tunneling resistance in the range of
0–100 G do not show any internal resolution of the C60 cage.
A drop of KI 1 mM was added to the surface of the gold sample
odiﬁed with C60 and left for 10 min. The STM images obtained
fter this procedure show that some transformation took place on
he surface. The surface appears rougher than before the addition
f the KI solution. Adding another drop of KI 1 mM and leaving
t on the sample for more 30 min  induced severe changes on the
urface. The image of Fig. 1B obtained after the addition of the KI
olution drop shows that the surface has C60 islands surrounded by
everal clusters with different sizes and heights. Images at higher
agniﬁcation on the clusters did not reveal their structure. Imaging
n the C60 islands in CH mode revealed the internal resolution of the
olecules as seen in Fig. 1C. The molecules show different shapes,
hree and four lobed features. Internal resolution has been seen for 500 mV.  I(t): 10 pA. (C) C60 layer showing high resolution after exposure 1 mM KI
(t): 200 mV.  I(t): 20 pA. Noise was removed from this image. (D) Section proﬁle on
rea: 15 nm × 15 nm. V(t):500 mV. I(t): 15 pA.
C60 adsorbed on gold and other metals in UHV [3,8]. The molecular
shape displayed on the image depends on the orientation of the C60
molecules on the gold surface and the molecular face turned to the
tip. The molecular shapes observed in the image of Fig. 1C indicate
that the molecules have different orientations on the surface after
exposure to iodide solution. The domain seen in Fig. 1C was quickly
removed from the surface by tip scanning.
A smoother area was found close to the C60 domains. The STM
image of this area revealed a hexagonal structure made of features
separated by 0.55 ± 0.05 nm as shown in Fig. 1D. These features
were assigned to iodide as this lattice parameters are close to the√
3 ×√3 R30◦, that has been formerly identiﬁed for this anion [9].
These results indicated that iodide could be active on the C60/Au
surface. Experiments were designed to check if the anion would
be able to induce full displacement of the fullerene from the gold
surface. The reactivity of iodide towards adsorbed organic layers is
known since Soriaga and Hubbard employed this anion to displace
several organic molecules from the platinum surface [10].
The STM images after the addition of iodide solution to a surface
modiﬁed by C60 showed that modiﬁcations of the fullerene layer
and improvement of the C60 molecular contrast took place. Higher
concentrations of iodide and longer incubation times were used to
analyze the surface activity of the anion. The iodide concentration
was  then increased and the results are as follows.
3.1.1. C60 layer exposed to KI 4.8 mM
A sample that had been exposed to the C60 solution was left in
a solution of KI 4.8 mM for 5 days. Fig. 2A shows an STM image of
this sample. This self-assembly condition led to a surface where
C60 islands showing a hexagonal molecular arrangement are sur-
rounded by apparently bare areas on top of the terraces. The C60
periodicity inside the molecular domains remains ∼1.1 nm, the
apparent vertical height is in the range 0.35–0.45 nm. The images
of the C60 domains were obtained with tunneling resistances in
314 L.d.S. Pinheiro, J.M. Filho / Applied Surface Science 280 (2013) 312– 317
F
V
t
s
s
t
a
v
C
n
a
s
o
t
p
s
h
t
l
o
n
h
v
T
r
m
t
a
3
4
a
a
u
p
s
t
t
t
t
t
r
n
Fig. 3. (A) STM image of C60/Au exposed to KI 0.5 M.  Few C60 islands are seen on
the  terraces. The C60 domains are circled. Area: 100 nm × 100 nm. V(t): 500 mV.
I(t):10 pA. (B) STM image of C60/Au after exposure to KI 0.5 M.  Rotated hexagonalig. 2. (A) C60/Au after exposure to KI 4.8 mM for 5 days. Area: 100 nm × 100 nm.
(t):500 mV.  I(t): 10 pA.
he range 10–50 G. The molecular structure seen on Fig. 2A was
usceptible to tip scanning and the C60 islands were erased of the
urface after some time. This behavior was always observed for
he gold modiﬁed by C60, it appeared on freshly prepared samples
nd also on older samples. This behavior is not assigned to sol-
ent trapped into the structure but to low adsorption strength of
60. Molecular layer removal happens especially when low tun-
eling resistances are employed to acquire the images. The areas
ppearing without the C60 structure on this sample already pre-
ented the compressed iodide structure reported in former studies
f iodide on gold [9,11]. Images of the apparently bare areas of
his sample are presented in the supplementary material. The com-
ressed iodide structure was found around the C60 domains.
It was not possible to acquire images of C60 and of the iodide
tructure at the same time. This happened because C60 and iodide
ave different apparent heights and the tunneling parameters used
o image C60 are milder than those used to image the iodide
ayer. Hence, different tunneling parameters were employed in
rder to image the iodide structure and C60 layer. A lower tun-
eling resistance of 1 G had to be employed to observe the
alide arrangement on the surface. Several experiments were done
arying the iodide solution concentration from 5 mM to 100 mM.
he STM images showed that the C60 surface coverage was  being
educed when the iodide concentration was increased in the
other solution. Then a gold surface modiﬁed by C60 was  exposed
o a high concentration of iodide of 500 mM and the results obtained
re described in the following section.
.1.2. C60 10−4 M exposed to KI from 0.5–1 M
A large area image of a C60-Au sample exposed to KI 0.5 M for
8 h is seen in Fig. 3A. There are a few C60 islands on the surface
nd the surrounding areas appear smooth with just the gold char-
cteristic features, terraces and steps. The few C60 islands were
nstable to a close scanning by the STM tip and were quickly dis-
laced from the surface. To observe the structure on the areas not
howing the C60 lattice, image collection was performed at lower
unneling resistance. An illustrative image obtained in this condi-
ion is presented in Fig. 3B. The picture shows a structure similar to
he so called rotated-hexagonal structure on Au(1 1 1) [11]. The fea-
ures appearing brightest in the image are due to the iodide anions
hat sit on top of a gold atom of the underneath layer [9,11]. A
egular arrangement of the iodide rotated hexagonal structure is
ot observed. The maxima due to the compression of the iodidestructure was  ill formed on the surface. Circles highlight two compressed areas very
far apart ∼5.2 nm. Area: 20 nm × 20 nm. V(t): 50 mV. I(t): 50 pA.
structure are not aligned, they deviate from angles multiples of 60
degrees. Some of the compressed areas are close to each other, with
a separation around 2.2 nm.  Others are far apart reaching a distance
of 5.2 nm as highlighted by the circles in the image. The regular
rotated hexagonal structure would have a unit cell of 7 × 7 [11].
However, for the compressed iodide structure observed after dis-
placing C60 from the Au(1 1 1) surface this pattern was distorted.
Control experiments where a clean gold sample was exposed to
KI solution showed the rotated hexagonal structure closer to those
already published [9,11], image in the supplementary material. The
experimental results in reference 11 were obtained in HClO4 solu-
tion under potential control. Distortion of the compressed layer
was  not observed in this condition. ClO4− is an anion that does not
show speciﬁc adsorption on gold and thus does not compete for the
metal surface with C60 as does iodide used herein. The initial inter-
action of iodide with the fullerene adsorbed layer to remove the C60
molecules leads to the ill formation of the compressed halide struc-
ture. The experiments with C60 layers grown on gold and exposed
to iodide solutions of increasing concentration showed that this
halide is able to displace the fullerene from the gold surface. The
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Fig. 4. (A) C60/Au(1 1 1) exposed to a KBr 10 mM solution. There was  the formation of organized multilayers of C60. Area: 50 nm × 50 nm.  V(t):200 mV. I(t):10 pA. (B) High
resolution image of the top layer appearing in (A). C60 molecules present several contrast from two to four lobed features. Circle highlights molecules showing high resolution.
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soise  was removed from this image. (C) STM image showing a bromide structure se
ppearing on the top of the picture. Area: 10 nm × 10 nm.  V(t):2.0 mV.  I(t): 400 pA.
isplacement is facilitated by high concentration of iodide and long
mmersion time of the C60/Au sample into the halide solution. This
esult is in agreement with that observed by Soriaga and Hubbard
or aromatic molecules on a metal surface [10].
To check the inﬂuence of the other halides on the C60 layer,
xperiments with bromide and chloride were also made.
.2. C60 exposed to KBr solutions
C60 layers were grown from 0.1 mM solutions and incubated into
he KBr solutions. As the results obtained for KI indicated that just
igh concentrations of the salt could displace the fullerene from
olution, the experiments with KBr started with a halide concen-
ration of 10 mM because bromide adsorbs more weakly on gold
han iodide [7]. STM images of C60 exposed to KBr solutions for
8 h did not show any sign of displacement of the fullerene from
he surface. The image of Fig. 4A shows that the surface was highly
rganized showing two  molecular layers. The apparent height of
he top layer is 0.15–0.25 nm.  It was possible to visualize some of
he C60 molecules sitting on the top layer with internal resolution
s displayed in the picture of Fig. 4B. The three lobed features are
ighlighted by a circle in the image. This image was  cropped from
 larger area to enhance molecular resolution. The molecules show
hapes similar to those observed in UHV for C60 on Au(1 1 1) growner removal of the C60 layer. Arrows point to a few C60 molecules left on the surface,
as a second layer such as a three lobed feature [12]. The three lobed
shaped feature has also been seen for C60 on NaCl/Au(1 1 1) [13].
There are also two and four lobed features appearing for the C60
molecules contrast. The three lobed contrast of the C60 molecules
were assigned to a central hexagon and two lobed features were
assigned to a double bond facing the tip for C60 adsorbed on the
NaCl/Au(1 1 1) [13]. The variety of molecular contrast seen in the
top layer image indicates that the C60 molecules sit on the ﬁrst layer
with different orientations in relation to the scanning tip. There is
no long range order for the molecules showing the three lobed con-
trast as seen for the UHV experiments, where a 2 × 2 structure was
assigned for the second layer [12].
C60 samples exposed to KBr solutions with concentration of 1 M
for 30 min  showed some signs that molecular displacement was
taking place. However, just a few areas such as the step edges were
not completely covered by the fullerene. The terraces had organized
molecular domains and on some regions the formation of multilay-
ers was  detected. These experimental results led to the thought that
the halide could be under the C60 layer.
To discover if bromide was  under the C60 layer, the molecular
structure was pierced with the STM tip by using lower tunneling
resistance in the range 5–10 M.  Layer scrapping was  obtained
after lowering the tip on the surface and scanning at a rate of
20–30 Hz. The ﬁnal stage of this process was registered by the image
316 L.d.S. Pinheiro, J.M. Filho / Applied Surface Science 280 (2013) 312– 317
Fig. 5. (A) C60/Au exposed to a 2 M KCl solution. Organized structure of C60 is seen on the surface. Area: 50 nm × 50 nm. V(t): 200 mV.  I(t): 20 pA. (B) C60/Au exposed to a 2 M
KCl  solution. Some C60 molecules appear as a doughnut feature. Area: 10 nm × 10 nm.  V(t): 100 mV.  I(t): 20 pA. (C) C60/Au exposed to a 2 M KCl imaged with low tunneling
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sesistance. Circle highlights spots besides the C60 molecules. These features were as
roﬁle  on the structure appearing on the surface after scrapping a C60/Au exposed
.0  nm × 5.0 nm.  V(t): 10 mV.  I(t): 300 pA.
een in Fig. 4C, the whole scrapping sequence is presented as sup-
orting information. After some scans with high tip velocity and
igher tunneling current, a hexagonal structure with periodicity
n the range 0.5–0.6 nm was seen. This structure was assigned to
he bromide layer. Bromide on gold presents a lattice of the type
3 ×√3 R30◦ [14]. However, in our experiments a distorted lat-
ice was found due to thermal drift during the process employed to
isplace the C60 layer.
Fig. 4C shows the lattice assigned to bromide and on the top
f the image some larger features, appearing very bright, that were
ssigned to a few C60 molecules left after the scrapping of the layer.
heir periodicity is ∼1 nm.  These C60 molecules sit two bromide
ows apart, showing that the fullerene layer is commensurate with
he bromide and the gold structure.
These experiments showed that exposition of a C60 layer to
 concentrated solution of KBr, led to a C60 structure with better
rganization. This happens because the fullerene interacts with
he halide layer that was  able to intercalate itself between the
old and C60 layer. The fullerene is adsorbed on top of the halide
ayer instead of the gold surface. Hence, the intermolecular forces
etween the C60 molecules are maximized creating larger molec-
lar domains. C60 layers on gold exposed to 2 M KBr solutions for
8 h showed the same behavior as those exposed to a 1 M KBr
olution, the anion layer was found under the fullerene layer. to the chloride anion. Area: 10 nm × 10 nm.  V(t): 50. 0 mV  I(t): 100 pA. (D) Section
 M KCl solution. Chloride structure was seen after removal of the C60 layer. Area:
However, no major displacement of the C60 molecules on the
surface was observed for the samples examined.
3.3. C60 layers exposed to KCl solutions
Chloride is supposed to have the weakest adsorption strength
on gold compared to the adsorption of iodide and bromide. Exper-
iments were made to check the behavior of this anion towards
C60 adsorbed on the gold surface, if it would affect the fullerene
adsorption.
A picture showing the molecular arrangement of C60 after expo-
sure to KCl 2 M for 30 min  is shown in Fig. 5A. The large chloride
concentration was employed since the results for iodide and bro-
mide which present a stronger adsorption on gold pointed that
displacement of C60 from the surface happened with large halide
concentration. There are some molecules missing on the struc-
ture of Fig. 5A, but the assembly extends for 50 nm x 50 nm2.
The long range order in this image indicates that the interaction
of the C60/Au surface with chloride was positive. This large area
image was  obtained with tunneling resistance of 10 G, therefore
the tip was  not too close of the surface but was able to display
internal features for C60. Another sample showed intramolecular
features for C60 when tunneling resistance in the range 5 Gwas
employed, as seen in Fig. 5B. A doughnut shape was observed for
d Surfa
s
m
u
t
s
t
C
s
m
a
t
c
r
c
f
b
d
o
a
c
t
t
n
l
m
b
a
o
t
a
c
m
i
t
g
a
e
t
r
w
i
4
t
c
d
i
b
h
t
i
m
r
A
a
a
t
[
[
[
[
ical  Review B 84 (2011) 075426.L.d.S. Pinheiro, J.M. Filho / Applie
ome molecules on this area, the tunneling current drops in the
iddle of the round features. Lower tunneling resistance had to be
sed to achieve higher molecular resolution, some noise appears on
he image since the tip could be dirtier due to the proximity of the
urface.
Fig. 5C shows an area imaged with low tunneling resis-
ance. When changing the tunneling parameters to pierce off the
60 structure and expose the halide layer it was  noticed that
ome smaller features were intercalated between the fullerene
olecules. These features had a size of 0.3–0.4 nm. They were
ssigned to chloride anions due to their size. This image shows
hat chloride anions were entrapped during the exchange pro-
ess between the C60 molecules. This picture suggests the way  the
eplacement of C60 by the halides happens on the gold; The halide
omes from solution and sits on top of the C60 layer, pushes the
ullerene molecules aside and is intercalated in between neigh-
oring C60 molecules. Following this thought, the halides slide
own into the layer and afterwards the C60 rearranges on top
f the halide structure. The image of Fig. 5C also shows a char-
cteristic that is indicative that the fullerene layer was being
ompressed by the tip with the tunneling parameters employed
o acquire the image. The tunneling resistance used was  lower
han that for normal imaging mode. The fullerene structure is
ow rectangular and not hexagonal as seen in the images at
ower resolution as Fig. 5A. The image indicates that the C60
olecules arrange in chains instead of a hexagonal domain. This
ehavior was assigned to an attempt to increase molecular inter-
ction in one direction. After removing the C60 layer, a pattern
f stripes with periodicity 0.5–0.6 nm was observed. This struc-
ure had a very faint contrast as displayed in Fig. 5D and was
ssigned to the chloride layer. This way it was concluded that
hloride adsorbs under the C60 layer in a way similar to bro-
ide.
C60 layers exposed to concentrated KCl showed a behavior sim-
lar to that observed for the C60/KBr samples. The top layer showed
he C60 structure but a chloride structure formed in between the
old and the fullerene. The halide penetrates the C60 layer and
dsorbs on top of the gold. The experiments with the C60 layers
xposed to KBr e KCl revealed that the C60 layers is perturbed by the
ip at tunneling resistances in the range 1 G. The structure became
ectangular deviating from the well known hexagonal lattice, this
as assigned to an attempt to reach stronger intermolecular forces
n one direction.
. Conclusions
The general picture that comes from the STM experiments is
hat C60 layers adsorbed on gold are not completely stable in
oncentrated iodide solutions. The fullerene is almost completely
isplaced of the gold surface in presence of large concentrations of
odide. At intermediated concentrations of the halide, it was  possi-
le to ﬁnd mixed structures of C60 and iodide. The presence of the
alide renders a higher stability to the fullerene. In this condition,
he STM reveals the internal resolution of the C60 molecules. This
ndicates that C60 do not diffuse when the tunneling tip scans the
olecular domain at low scan rate. This is assigned to a smaller
ate of diffusion of C60 on the mixed surface in presence of iodide.
 ﬁrst explanation would be the formation of a kind of wall by the
nion around the C60 molecules reducing their diffusion. Iodide has
 diameter of ∼0.4 nm and C60 molecules would have to jump over
he anion to move freely on the surface.
[
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Bromide is able to remove the C60 layer from the Au(1 1 1) sur-
face in only a few points of a sample modiﬁed by the fullerene, in
general close to the step edges. Most part of the Au(1 1 1) surface
modiﬁed by C60 and exposed to concentrated solutions of bro-
mide show an organized structure of the fullerene that extends for
several nanometers. Removal of the C60 layer by the tip revealed
that bromide was under the fullerene layer. There is an exchange
between the two species, bromide traverses the C60 layer and sits
on top of the gold and the C60 adsorbs on top of the bromide struc-
ture. This behavior leads to longer molecular domains of C60 and
the STM images reveal the presence of multilayered areas. It was
also possible to see a higher STM contrast for C60 when bromide
was  present on the surface.
Recent experiments of C60 interacting with an ionic liquid
showed larger molecular domains [15]. This support our results
that avoiding direct interaction of C60 with the gold surface leads to
large molecular domains. The exception occurs for iodide that will
replace the fullerene completely on the surface under high ionic
strength.
The adsorption of C60 on insulators has been studied by AFM
and also by STM in UHV [13,16]. The wet  method presented here
could be used as an alternative manner to grow layers of C60 on the
surfaces of alkali halides without the need to have a single crystal
of these salts. This way the C60 is decoupled from the gold surface
and some C60 electronics features could be studied.
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